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ABSTRACT 

Results a re  descr ibed for the  t h i r d  q u a r t e r  of research  on t h e  
mechanism of h o t - s a l t  s tress corrosion cracking of the  Ti-8Al-lMo-lV 
a l l o y .  

I n i t i a t i o n  of stress corrosion cracking by chemical, rather than 
mechanical a c t i o n  w a s  i nd ica t ed  by corrosion of alpha-beta phase 
boundaries i n  polished, unstressed specimens exposed t o  N a C l  a t  65OoF 
f o r  one hour. 

Very slow cooling from the annealing temperature (145OOF) increased 
s u s c e p t i b i l i t y  t o  stress corrosion cracking, poss ib ly  because of segre- 
gat ion of a l l o y  o r  impurity elements. 

"Self-s t ressed" samples cracked within 24 hours i n  anhydrous HC1 
gas at  650°F. 

Tests w i t h  r ad io t r ace r s  3 s C l  and 22Na showed that  ch lo r ide  ions  are 
r ead i ly  adsorbed on the a l l o y  su r face  a t  room temperature and apparent ly  
are absorbed i n t o  t h e  oxide on heat ing.  Sodium w a s  no t  adsorbed, and 
w a s  re ta ined only a t  spo t s  where s a l t  adhered due t o  salt-metal  r eac t ion .  

Aluminum i n  t h e  a l l o y  a p p e a r s  t o  be s e l e c t i v e l y  corroded during 
a t t a c k  by N a C l  a t  65OoF. 

Chloride sa l t s  are n o t  unique i n  causing cracking. Both sodium 
iodide a n d  sodium bromide caused i n i t i a t i o n  of cracking within 3 days 
a t  650OF. 

Electron microscopy s t u d i e s  revealed that  hydrogen was charged i n t o  
t h e  f o i l s  dur ing thinning, r e s u l t i n g  i n  p r e c i p i t a t i o n  of t i tanium hydride 
on the  ( l O i 0 )  p lanes .  Hydride p r e c i p i t a t i o n  was p a r t i c u l a r l y  not iceable  
n e a r  grain and phase boundaries, suggesting a higher  a f f i n i t y  f o r  hydro- 
gen i n  these  regions.  
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STRESS CORROSION CRACKING OF TITANIUM ALLOYS 
PROGRESS REPORT: OCTOBER 1 - DECEMBER 31, 1964 

INTRODUCTION 

The Savannah River Laboratory i s  engaged i n  a program of NASA- 
sponsored research  t o  develop fundamental knowledge about the mechanism 
of h o t - s a l t  s t r e s s  corrosion cracking of t i t an ium a l l o y s .  Bnphasis i s  
being p laced  on s tudy of the Ti-8Al-lMo-lV a l l o y  because it i s  a prime 
candidate  as a s t r u c t u r a l  material f o r  the proposed supersonic t r anspor t  
(SST). This a l l o y  i s  known t o  be suscept ib le  t o  h o t - s a l t  cracking in 
l abora to ry  tests under condi t ions that may occur during SST operation; 
i .e . ,  s k i n  temperature i n  the range of 550-650°F w i t h  sea sa l t  contami- 
na t ion  acquired during t ransoceanic  operat ions.  

Knowledge and techniques developed by SRL during s t u d i e s  of stress 
cor ros ion  cracking of s t a i n l e s s  and carbon steels are being used i n  
t h i s  research .  I n  p a r t i c u l a r ,  r ad io t r ace r s  such as 3 6 C l ,  ,*Nay and 'H 
are being used t o  inves t iga t e  the r o l e  of these  elements i n  the stress 
cor ros ion  cracking phenomenon. Electron microscopy techniques are being 
used t o  s tudy  crack morphology and t o  determine the e f f e c t s  of heat 
t reatment  and a l l o y  s t r u c t u r e  on cracking. 

This research  w a s  s tarted A p r i l  1, 1964, and t h i s  third q u a r t e r l y  
progress  r e p o r t  covers the period October 1 - December 31, 1964. Some 
incomplete o r  unconfirmed data may be included i n  these  progress r epor t s .  

SUMMARY 

REV1 EW 

Resul t s  reported p r i o r  t o  this period a r e  summarized below f o r  
convenience. ( 1 ~ ~  

T e s t s  demonstrated that H C 1  gas i s  given o f f  during dehydration of 
sea salt a t  6 5 O O F .  This raised t h e  p o s s i b i l i t y  that H C 1  gas and/or 
r e s u l t a n t  hydroxides i n  the sa l t  deposit  are involved i n  i n i t i a t i n g  
s t r e s s  cor ros ion .  T e s t s  comparing the degree of cracking caused by each 
of t h e  fou r  p r i n c i p a l  sa l ts  i n  sea salt ( N a C 1 ,  KC1,  M g C l , ,  and C a C l , )  
showed that N a C l  and K C 1  produced severe cracking during two weeks 
exposure a t  65OoF, while MgC1, and CaC1, produced only a few t i n y  cracks.  

sodium and potassium form s t rong  reac t ive  hydroxides w h i l e  magnesium and 
calcium form stable, less r e a c t i v e  hydroxides. 

It was s>-=c+ ,,,ested that t h i s  d i f f e rence  n ight  be related t o  the f a c t  that 
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In metal lographical ly  polished samples having an extremely t h i n  
oxide f i l m  (stressed t o  y i e l d ) ,  both sea sa l t  and pure sodium chlor?.de 
caused cracks t o  i n i t i a t e  within 3 t o  5 hours a t  6 5 0 ~ ~ .  A t h i c k  oxide 
f i l m  delayed crack i n i t i a t i o n .  Spark-source mass spectrometer analyses 
gave q u a l i t a t i v e  evidence t h a t  the oxide f i l m  on Ti-8Al-lMo-lV a l l o y  
contains a higher  r a t i o  of  aluminum t o  t i tanium than the base metal. 

Cracks propagated along alpha g r a i n  boundaries and alpha-beta 
phase boundaries. B e t a  phase p a r t i c l e s  appeared t o  be unattacked during 
stress corrosion cracking. 

Electron microscopy comparing the i n n e r  sur face  of a stress corro- 
s i o n  crack (produced a t  1200'F) with a f r a c t u r e  sur face  produced by 
mechanical rupture  ind ica ted  t h a t  stress corrosion cracking occurred 
pr imari ly  by chemical a t t a c k .  S t r u c t u r a l  d e t a i l s  of the a l l o y  matr ix  
and be ta  particles were v i s i b l e  on the stress corrosion surface,  whereas 
t h e  mechanically ruptured sur face  appeared t o  have formed by d u c t i l e  
mechanisms w i t h  no preference f o r  rupture  along beta-phase boundaries,  

Thin f o i l s  of Ti-8Al-lMo-lV a l l o y  s u i t a b l e  f o r  e lec t ron  transmission 
microscopy were prepared and s t u d i e s  of f i n e  s t r u c t u r e  were begun. 

SUMMARY OF THIRD QUARTER 

Corrosion of alpha-beta phase boundaries i n i t i a t e d  wi th in  one hour 
on polished, unstressed Ti-8Al-lMo-lV samples exposed t o  N a C l  a t  65OoF, 
which i n d i c a t e s  t h a t  stress corrosion cracking i n i t i a t e s  pr imar i ly  by 
chemical corrosion r a t h e r  than mechanical means. 

Stress corrosion cracks propagated f a s t e r  i n  samples cooled very 
slowly from the annealing temperature of 1450'F than i n  samples cooled 
very rapidly.  Very slow cool ing should promote segregation t o  gra in  
boundaries. The r a p i d  cracking of slow-cooled s a m p l e s  suggests that  
segregation of a l l o y  or impurity elements along g r a i n  boundaries may 
increase s u s c e p t i b i l i t y  t o  cracking. 

H C 1  gas was given o f f  from pure N a C l  and t i tanium a l l o y  chips 
coated w i t h  N a C l  heated a t  6 5 0 O ~ ,  but t h e  amount was considerably less 
than i n  previous tes ts  wi th  sea  sa l t .  The g r e a t e r  amount of H C 1  gas 
given o f f  from sea sal t  w a s  probably due t o  the  presence of water of 
hydration i n  components of sea sa l t  such as MgC1,*6H20 and CaC1,.XH20. 

Se l f - s t ressed"  samples of Ti-8Al-lMo-lV a l l o y  heated a t  65OoF i n  an 
atmosphere of anhydrous H C 1  gas (no sa l t )  cracked t o  complete rupture  
w i t h i n  24 hours. 

I1 
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Tests with r a d i o t r a c e r  3 8 C 1  demonstrated t h a t  ch lor ide  ions from 
s a t u r a t e d  Na3'C1 so lu t ions  were very r ead i ly  adsorbed on unstressed,  
pol ished samples of t i t an ium a l l o y  exposed only 15 minutes a t  room 
temperature.  The chlor ide  ions were f a i r l y  evenly d i s t r i b u t e d  i n  t he  
area of i n i t i a l  contac t  and could not  b e  r insed  of f  wi th  hot water. 
On samples  heated a t  250 and 65OoF t o  produce depos i t s  of s o l i d  salt ,  
ch lo r ide  ions  were absorbed i n t o  the  oxide film. S imi l a r  tests w i t h  
r a d i o t r a c e r  22Na  showed that s i g n i f i c a n t  amounts of sodium were re ta ined  
only on heated samples a t  spots  where s o l i d  N a C l  adhered t o  t h e  metal  
because of the salt-metal corrosion react ion.  Attempts t o  show chlor ide  
o r  sodium concentrat ions i n  cracks by autoradiography were unsuccessful.  

Evidence of s e l e c t i v e  corrosion of aluminum during a t t a c k  by NaCl 
w a s  observed by ana lys i s  of pure water used t o  wash sal t -corroded areas 
of samples  exposed 2 weeks a t  6 5 0 ~ ~ .  The r a t i o  of aluminum t o  t i t an ium 
i n  t h e  wash water was as g rea t  as 0.5 whereas the r a t i o  i n  t h e  base 
metal i s  only 0.089. 
aluminum enrichment i n  the oxide f i lm,  and i n d i c a t e s  t h a t  p r e f e r e n t i a l  
a t t a c k  of aluminum i n  t h e  a l l o y  may be involved i n  stress corrosion 
cracking. 

This i s  cons is ten t  w i t h  t h e  previous r epor t  of 

Tes t s  during t h i s  qua r t e r  demonstrated that ch lor ide  s a l t  i s  not  
unique i n  causing stress corrosion cracking of t i t an ium a l l o y s .  
Deposits of N a I  and NaBr bo th  produced cracking, bu t  t o  a lesser ex ten t  
than N a C 1 .  

E lec t ron  microscopy s t u d i e s  revealed that s p o t t y  c o n t r a s t  i n  some 
areas of t ransmission micrographs i s  due t o  p r e c i p i t a t i o n  of t i t an ium 
hydride which i s  induced by absorpt ion of hydrogen i n  the f o i l s  during 
th inning .  A th inning  procedure recommended by Boeing w i l l  be used i n  
f u t u r e  work. 

The habi t  plane of the hydride was shown t o  be t h e  { l O i O )  plane.  
The hydride p r e c i p i t a t e  appeared t o  be concentrated along a lpha  gra in  
and beta-phase boundaries, suggest ing that d i f f u s i o n  of hydrogen i n t o  
t h e  metal occurs p r e f e r e n t i a l l y  along these boundaries.  This may be 
related t o  the cracking phenomenon. 
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DISCUSSION 

PROCUREMENT 

Additional q u a n t i t i e s  of ' " C l  (as H C 1  s o l u t i o n )  and 2 2 N a  (as N a C l  
i n  H C 1  so lu t ion )  were purchased f o r  prepara t ion  of s a tu ra t ed  so lu t ions  
of N a C l  (pH 5 t o  7) having higher  s p e c i f i c  r a d i o a c t i v i t y  than so lu t ions  
used previously.  H i g h e r  a c t i v i t i e s  were needed t o  f a c i l i t a t e  use  of 
autoradiography f o r  determining the  d i s t r i b u t i o n  of C 1  and N a  w i t h  
respect  t o  cracks i n  sal t -corroded areas, Spec i f i c  r a d i o a c t i v i t i e s  of 
o ld  and new so lu t ions  are shown below. 

Spec i f ic  Radioact ivi ty ,  
d i s in t eg ra t ions  per  minute p e r  m l  

Solut ion 2 2 N a C 1  Na3  'C1 

0 I d  9.14 x l o 7  0.87 x lo7 

New 16.7 x i o 7  9.97 x 107 

P u r e  water containing approximately 1 c u r i e  of 3H (tritium) a c t i v i t y  
was a l so  purchased f o r  experiments t o  i n v e s t i g a t e  the r o l e  of  hydrogen 
i n  s t r e s s  corrosion.  

EXPERIMENTAL PROCEDURE 

Three d i f f e r e n t  types of samples  were used during th i s  qua r t e r  i n  
s tud ie s  of t h e  cracking phenomenon. The  type used i n  each s p e c i f i c  t es t  
i s  s t a t ed  i n  the  discussion,  and the designat ions and desc r ip t ions  are 
given below. 

D e  s i gna t  ion  Descr ipt ion 

Four-point loaded S t r i p s  3/4 inch  by 3 inches mounted i n  
four-point  loading holders .  S t r e s s  
l e v e l  ca l cu la t ed  using beam de f l ec t ion  
formula. 

S t r i p s  0.45 inch  by 1.40 inches mounted 
i n  three-point  loading holder .  S t ressed  
t o  produce p l a s t i c  deformation and main- 
t a i n  samples a t  t h e  y i e l d  point  during 
exposures. 

Two s t r i p s  1/4 inch by 4 inches bent t o  
angle  of 25', 3/4 inch from each end; 
s t r i p s  spot  welded toge ther  a t  both ends 
such that  the s t r i p s  bow away from each 
o t h e r  i n  t h e  cen te r  por t ion .  

Three-point loaded 

S e l f - ~ t r e s s e d ( ~  
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Except where noted, a l l  samples were metal lographical ly  polished 
on t h e  sur face  bear ing the sal t  deposit .  Two d i f f e r e n t  hea ts  of 
Ti-8Al-lMo-lV a l l o y  were used: 
0.030 inch  thick,  and one i n i t i a l l y  duplex-annealed shee t  0.050 inch  
th ick .  

one i n i t i a l l y  mill-annealed shee t  

H e a t  analyses were given i n  a previous repor t .  ( "  

S a l t  depos i t s  were appl ied as d r o p l e t s  of a s a t u r a t e d  n e u t r a l  
s o l u t i o n .  Pure sodium chlor ide  solut ions wi th  and without r a d i o t r a c e r s  
36Cl and ""Na were used i n  most cases ins tead  of s e a  sa l t  i n  order  t o  
s impl i fy  the i n v e s t i g a t i o n  of corrosion reac t ions  and products.  Solu- 
t i o n s  of N a I  and NaBr were used i n  t e s t s  t o  determine the e f f e c t  of 
anion spec ies  on stress corrosion. 

Radiation counting and autoradiography were used t o  study the 
r e t e n t i o n  of r a d i o t r a c e r s  "Cl and 2 2 N a  after var ious s tages  of expo- 
s u r e  t o  s a t u r a t e d  sal t  so lu t ions .  

EXPERIMENTAL RESULTS 

Effects of Stress and Temperature on Cracking 

I n  t h e  i n v e s t i g a t i o n  of the mechanism of stress corrosion cracking, 
it i s  important t o  e s t a b l i s h  the r e l a t i v e  inf luence of l o c a l i z e d  corro- 
s i o n  and t e n s i l e  stress on the i n i t i a t i o n  and propagation of cracks.  
If cracks propagate along paths t h a t  are p r e f e r e n t i a l l y  corroded i n  the 
absence of stress, corrosion usua l ly  plays the dominant r o l e  i n  the 
cracking phenomenon. Al te rna t ive ly ,  when corrosion i s  minimal, oxide 
f i lm rupture  by stress may be required t o  i n i t i a t e  and s u s t a i n  cracking. 

I n  order  t o  determine i f  h o t - s a l t  corrosion of Ti-8Al-lMo-lV a l l o y s  
occurs i n  the absence of appl ied s t ress ,  polished and unstressed s t r i p s  
of mill-annealed a l l o y  were exposed w i t h  N a C l  d e p o s i t s  a t  65OoF f o r  
per iods of 1 t o  4 hours. 
sa l t  showed that corrosion had s ta r ted  wi th in  1 hour, and corrosion 
e tch ing  of beta-phase boundaries was evident.  This i s  i l l u s t r a t e d  i n  
Figure 1. 
i n  stressed samples were not  detected u n t i l  3 t o  5 hours exposure i s  
evidence that corrosion i n i t i a t e s  cracking; or conversely, t h a t  oxide 
f i l m  rupture  by stress i s  not  an e s s e n t i a l  p a r t  of crack i n i t i a t i o n .  

Microscopic examination a f te r  removal o f  the 

T h i s  observation combined w i t h  a previous one(") that cracks 

A n  apparent threshold temperature of 55OoF f o r  h o t - s a l t  cracking 
of t i t an ium a l l o y s  has been reported.  ( * )  

gat ion  of t h e  e f f e c t s  of temperature and s t r e s s  l e v e l  on i n i t i a t i o n  of 
cracking w a s  begun. Four-point loaded samples w i t h  NaCl depos i t s  were 
exposed a t  various s t r e s s  l e v e l s  a t  temperatures of 400, 550, a n d  65OoF. 
Resul ts  a r e  summarized i n  Table I. These tests are continuing. The 
threshold stress and temperature f o r  i n i t i a t i o n  of cracking w i l l  be 
determined by microscopic examination of samples exposed w i t h  polished 
sur faces .  
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FIG. 1 CORROSION ETCHING OF B E T A  PHASE PARTICLES BY NaCl DEPOSIT 
ON UNSTRESSED T i - 8 A I - 1 M o - 1 V  EXPOSED 3 HOURS A T  65OoF. (Dark Field 
I l luminat ion,  750X ) 

T A B U  I 

E f f e c t s  of S t r e s s  and Temperature on Hot-Salt Cracking 

Temp e ra t u r e  , Exposure Time,  
O F  S t r e s s ,  p s i ( " )  weeks Cracks 

400 75,000 3 No 
50, ooo 4 No 

550 50, ooo 3 Yes 
75,000 2 Yes 

100,000 2 Y e s  

650 25, ooo 1 
50, ooo 1 
75,000 1 

100,000 1 

No 
Yes 
Yes 
Yes 

( a )  Calculated a t  room temperature 
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Effect of Heot Treatment on Cracking 

Studies  of t he  e f f e c t  of hea t  treatment on s u s c e p t i b i l i t y  t o  
cracking have been complicated somewhat by e r r a t i c  r e s u l t s .  
previous t e s t  (2 ), a m a x i m u m  crack depth of 0.022 inch  w a s  observed i n  
a four-point  loaded sample of duplex-annealed material after 14  days 
a t  65OoF. This r e s u l t  w a s  not dupl icated during this  qua r t e r  i n  tests 
comparing crack propagation i n  duplex- versus  mill-annealed a l loys .  
The results of t h i s  comparison are presented i n  Table 11. The m a x i m u m  
crack depth observed i n  duplex-annealed material w a s  0.007 inch after 
14 days. This p a r t i c u l a r  series of t e s t s  shows no s i g n i f i c a n t  differ-  
ence between duplex- and mill-annealed materials. 

In  one 

TABLE: I1 

Comparison of Crack Propagation i n  M i l l -  
and Duplex-Annealed Ti-8A1- lMo- 1V Alloy 

Sheet Crack Depth, i nch  
T h i  ckne s 8, Days Exposure a t  6 5 0 ~ ~  

Heat Treatment(") i nch  .3 1 3 7 14 ----- 
.050 .0011 .0015 .0050 .0098 .0076 Mill-annealed 

Duplex-annealed .050 .0015 .0017 .0037 ,0038 .0070 

.0015 .0020 .0025 .0040 .0050 Duplex- annealed .030 

( a )  Standard mill-anneal:  8 hours a t  1450°F followed by 
furnace cool  
Same as mill-annealed p lus  1/4 hour 
a t  1950'F followed by a i r  cool  

Standard duplex-anneal: 

The propagation of stress corrosion cracks appea r s  t o  be inf luenced 
by t h e  manner i n  which t h e  salt  deposi t  spreads over t h e  sur face  during 
a p p l i c a t i o n .  When the depos i t  spreads over a r e l a t i v e l y  l a rge  area, 
cracking i s  usua l ly  more severe than when t h e  depos i t  covers a smal le r  
a rea .  This i s  probably related t o  t h e  f a c t  t h a t  cracking occurs p r i -  
mar i ly  a t  t h e  edges of the depos i t .  In order  f o r  a c rack  t o  propagate 
i n  depth, it must a l s o  propagate along t h e  sur face .  Surface propagation 
apparent ly  i s  hindered when the sa l t  has no t  spread over a l a r g e  a rea .  
The technique of applying t h e  sa l t  deposi t  t o  g ive  uniform and repro- 
duc ib le  spreading i s  being per fec ted .  This should e l imina te  some of 
t h e  var iance  and permit a more d e f i n i t i v e  s tudy of t he  e f f e c t s  of hea t  
t reatment  on crack propagation. 
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Some evidence that  crack propagation i s  influenced by heat treat-  
ment was obtained i n  o ther  tes ts  i n  s p i t e  of the u n c e r t a i n t i e s  described 
above. The tes ts  indicated that material r a p i d l y  quenched from 1450'F 
i s  more r e s i s t a n t  t o  cracking than furnace-cooled materials. 
of i n i t i a l l y  duplex-annealed sheet  (0.050 inch  t h i c k )  were heated a t  
1450°F f o r  1 hour and cooled i n  var ious ways. S t r i p s  were polished, 
s t ressed  i n  a three-point loading holder, salted, and exposed a t  6 5 0 O ~  
f o r  24 and 72 hours. Crack depths  observed for each method of cool ing 
are given i n  Table 111. 

Samples 

TABLE I11 

Effec t  of Cooling Rate from 1450'F 
on Crack Propagation i n  T i -  8A1- 1Mo- 1V Alloy 

Method of Coolinn ( a 

Quenched i n  acetone - dry i c e  
-8oOc 

Quenched i n  l i q u i d  ni t rogen 
-195'C 

A i r  b l a s t  

S t a t i c  a i r  

Furnace cooled 
1450'F t o  room temp i n  4 t o  6 hr 

1450'F t o  room temp i n  -16 hr  
Furnace cooled 

( a )  I n i t i a l l y  duplex-annealed shee t  

( b )  Complete rupture  
heated 1 hr a t  1450'F 

Crack Depth, inch 
Hours Exposure a t  6 5 0 ' ~  

24 72 

.002 .003 
.004 

.002 .004 
.004 

.003 .006 
.007 

.008 
.003 .006 

.005 .010 

.O5O inch  th ick ,  

After  72 hours exposure, crack depths i n  quenched and air-cooled 
mater ia l  are comparable t o  data from other  tes ts  on standard m i l l -  and 
duplex-annealed a l l o y s  (Table I1 th is  repor t  and Figure 2 i n  Ref. 2 ) .  
However, i n  furnace-cooled mater ia l ,  crack propagation was considerably 
f a s t e r ;  complete f r a c t u r e  occurred i n  t h e  sample cooled from 1450'F t o  
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room temperature i n  16 hours. These observations may be e s p e c i a l l y  
s l g n i f i c a n t  t o  the  mechanism of cracking. Cracking along alpha g ra in  
and alpha-beta  phase boundaries may be caused by segregat ion of c e r t a i n  
a l l o y  o r  impurity elements along these boundaries, and very slow cool ing 
would be expected t o  promote such segregation. N o  d i f f e rences  i n  the  
s t r u c t u r e s  of samples cooled a t  d i f f e r e n t  rates have been observed t o  
d a t e  by e i t h e r  o p t i c a l  o r  e l ec t ron  microscopy, however. S tudies  of 
t h e  e f f e c t s  of heat  t reatment  a r e  continuing, and e l ec t ron  t ransmission 
microscopy of t h i n  f o i l s  w i l l  be used t o  search  f o r  s t r u c t u r a l  d i f f e rences .  

Role of Surface Oxide 

An oxide f i l m  produced e i t h e r  by heat ing i n  a i r  o r  by anodizing 

The i n v e s t i g a t i o n  of the e f f e c t  of oxide f i lm  compo- 
Ti-8Al-lMo-lV a l l o y  reduces s u s c e p t i b i l i t y  t o  h o t - s a l t  s t r e s s  corrosion 
cracking.(2’5) 
s i t i o n  on cracking, which w a s  begun l a s t  quar te r ,  w a s  n o t  continued 
during t h i s  q u a r t e r .  Analyses of t h e  oxide are very d i f f i c u l t  because 
t h e  films a r e  extremely t h i n .  Results obtained wi th  t h e  spark-source 
mass spectrometer  a r e  only q u a l i t a t i v e  because t h e  oxide i s  d i l u t e d  
wi th  base meta ls  due t o  pene t ra t ion  of the  spark.  Methods of over- 
coming t h i s  d i f f i c u l t y  a r e  being explored. The p o s s i b i l i t y  of using 
an e l e c t r o n  microprobe f o r  f i l m  ana lys is  i s  a l s o  being considered. 

Role of HCI Gas 

Previous t e s t s ( 2 )  demonstrated tha t  H C 1  gas i s  given o f f  during 
dehydration of s ea  salt  heated a t  6 5 0 ~ ~  e i t h e r  a lone o r  as sa l t -coa ted  
chips  of t i t an ium a l l o y .  S imi la r  t e s t s  were performed during t h i s  
q u a r t e r  t o  compare the  r e l e a s e  of H C 1  gas from pure sodium chlor ide,  
because t h e  pure sa l t  i s  equal ly  e f f e c t i v e  i n  producing cracks .  

The amount of HC1 gas given o f f  i n  tests us ing  N a C l  alone and as 
sa l t - coa ted  metal  chips  w a s  considerably l e s s  than i n  previous tests 
wi th  sea  s a l t .  The maximum r a t e  of chlor ide ion accumulation i n  t he  
water  t r a p  i n  tests wi th  sea  sa l t  on metal chips  w a s  about 1200 p a r t s  
per  m i l l i o n  per  hour, whereas the  r a t e  was only about 260 p a r t s  per  
b i l l i o n  pe r  hour wi th  pure sodium chlor ide on metal ch ips .  The r e s u l t s  
are r e l i a b l e  even though the  l e v e l  of ch lor ide  w a s  extremely low i n  t h e  
case  of pure sodium ch lo r ide  on metal  chips .  The a n a l y t i c a l  method used 
i s  capable  of determining ch lo r ide  ion concent ra t ions  as low as 10 parts 
per  b i l l i o n .  The s ign i f i cance  of the r e s u l t s  i s  t h a t  t h e r e  must be 
some moisture  present  e i t h e r  on the  metal o r  N a C l  t o  produce HC1. The 
g r e a t e r  amount of H C 1  re leased  from sea salt  probably i s  due t o  the  
presence of e x t r a  water of hydrat ion i n  some of t he  ch lor ides ,  such as 
MgC1, * 6 ~ 2  0 o r  CaC1, XH2 0. 
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I n  order  t o  determine i f  H C 1  gas alone can cause cracking two 
s e l f - s t r e s s e d  samples  of the  type used by Braski and Heimerl(3' were 
encapsulated i n  anhydrous H C 1  gas such that  t h e  gas pressure was about 
1 atmosphere a t  6 5 0 ~ ~ .  
p s i  a t  room temperature and therefore  would be a t  t h e  y i e l d  point  of 
6 5 0 ~ ~ .  No sa l t  was used. Both samples cracked t o  complete f a i l u r e  
w i t h i n  24 hours exposure. The ruptures  occurred a t  t h e  ends of t he  
samples near  the spot welds and between the  s t r a i g h t  and bent port ions 
where the metal had been cold worked during sample f a b r i c a t i o n .  
B r a ~ k i ' ~ )  reported f a i l u r e s  a t  t h e  same place i n  similar samples  
exposed t o  moist ch lor ine  gas.  Cracking of U-ben amples  i n  a i r  con- 
t a i n i n g  1% chlor ine gas was a l s o  reported by Cox. ''' It is poss ib le  
that i n  t h e  t e s t s  performed by both Braski and Cox some H C 1  gas was 
formed by reac t ion  of the ch lor ine  w i t h  moisture i n  the  a i r .  

The stress l e v e l  w a s  ca lcu la ted  t o  be 100,000 

Reaction of e i t h e r  H C 1  or chlor ine  gas w i t h  t i tanium i s  possible ,  
as follows: 

a .  T i  + 2HC1 + TiC1, + H2 

b.  T i  + C 1 2  -+ TiC1, 

However, f o r  e i t h e r  of these  reac t ions  t o  occur the oxide f i l m  must be  
mechanically ruptured or the  C1, o r  C1-  must pene t ra te  the  f i l m .  
oxide f i l m  probably i s  ruptured on a sample s t r e s s e d  t o  the y i e l d  point  
a t  650O~, but  when oxygen i s  present  i n  the atmosphere the  f i lm may 
tend t o  r e p a i r  i t s e l f  by the  reac t ion  

The 

T i  + 0, + TiO, 

If th i s  reac t ion  f a i l s  t o  h e a l  t h e  film, corrosion of t h e  base metal  
w i l l  continue as long as C1, or H C 1  are a v a i l a b l e .  

The f a c t  tha t  a t h i c k  oxide fi lm r e t a r d s  t h e  i n i t i a t i o n  of cracking 
b u t  does not prevent i t  e n t i r e l y  i s  s t rong  evidence that  d i f f u s i o n  of 
t h e  reac tan t  through t h e  oxide f i l m  does occur. In  t h i s  s i t u a t i o n ,  
where the pro tec t ive  oxide f i l m  i s  not ruptured, it seems l i k e l y  t ha t  
chlor ide ions would penet ra te  the f i lm more r e a d i l y  than ch lor ine  atoms 
or molecules. Even though t h e  ch lor ide  ion  i s  l a r g e r  than the atom, 
t h e  mobili ty of t h e  ion i n  an oxide should be much g r e a t e r .  Evidence 
that chlor ide ions a r e  r e a d i l y  absorbed i n t o  the oxide f i lm  on Ti-8A1-  
1Mo-1V a l l o y  was obtained i n  experiments w i t h  r a d i o t r a c e r s  3 6 C 1  i n  
sodium chlor ide,  as described i n  t h e  following s e c t i o n .  



, 
I 

Tests with Radiotracers 36CI and **No 
(. 

Radiotracers  "C1 and 2 2 N a  were used sepa ra t e ly  i n  sa tu ra t ed  solu- 
t i o n s  of N a C l  (pH 5-7) t o  study s a l t  corrosion reac t ions  under var ious 
exposure condi t ions.  The presence and d i s t r i b u t i o n  of the r ad io t r ace r s  
w a s  determined by r a d i a t i o n  counting and microautoradiography. I 

The tests demonstrated that chlor ide ions  were very r e a d i l y  
adsorbed on the sur face  of samples at  room temperature and could no t  
be washed off. On samples heated a t  250 and 650°F, t h e  ch lor ide  ions 
were apparent ly  absorbed i n t o  the oxide f i l m .  The ch lo r ide  ions  were 
d i s t r i b u t e d  fairly uniformly i n  the area of' i n i t i a l  contac t .  S ign i f i -  
can t  amounts of sodium were r e t a ined  only on heated samples a t  spots  
where s o l i d  N a C l  adhered t o  the metal o r  where salt-metal corrosion 
occurred. A t t e m p t s  t o  show chlor ide  or  sodium concentrat ions i n  cracks 
by autoradiography were unsuccessful.  Resul t s  are discussed i n  de ta i l  
below. 

Sa tu ra t ed  so lu t ions  of 2 2 N a C 1  and Na3*C1 w i t h  h igh s p e c i f i c  radio- 
a c t i v i t i e s  were deposited as d rop le t s  on uns t ressed  s t r i p s  of duplex- 
annealed a l loy ,  some of which had mi l l - f in i shed  oxide sur faces  degreased 
only and some of which were metal lographical ly  pol ished.  On both  
pol ished and oxide-coated samples,  a s u b s t a n t i a l  concentrat ion of 
ch lo r ide  i o n  w a s  r e t a ined  on the surfaces  when the so lu t ion  w a s  washed 
of f  a f te r  only 15 minutes exposure at room temperature.  The d i s t r ibu -  
t i o n  of the ch lor ide  as determined by scanning the sur face  w i t h  a 
r a d i a t i o n  counter  i s  shown i n  Figure 2.  The r a d i o a c t i v i t y  on these 
samples represented about 24 t o  27 micrograms of t o t a l  ch lor ide  ions  
("C1 + " C l )  r e ta ined  on each sample (1 count p e r  minute = 15 x lo-' 
gram t o t a l  ch lor ide  ion ) .  
determine sodium r e t e n t i o n  gave such l o w  count rates that  i t  w a s  no t  
poss ib l e  t o  show d e f i n i t e l y  tha t  even a t r a c e  of sodium remained on 
t h e  sur face .  

Similar t e s t s  us ing  2 2 N a C 1  so lu t ion  t o  

Pc!isked Surface MI!! %de, 
Degreased Only 

FIG. 2 DISTRIBUTION OF 3 6 c 1  ACTIVITY (COUNTS PER MINUTE) ON SAMPLES 
EXPOSED T O  SATURATED NaCl SOLUTION AT ROOM TEMPERATURE FOR 15 
MINUTES. 
water prior to counting. 

Drops of the solution were applied (shaded oreas ) and then washed off with hot 



An a d d i t i o n a l  test  w a s  performed t o  determine t h e  r e t en t ion  of 
chior ide and sodium ions on polished, uns t ressed  samples on which the 
sa l t  so lu t ions  were evaporated t o  produce s o l i d  s a l t  depos i t s .  One 
sample w a s  exposed t o  N a 3 % 1  and one t o  '2NaC1 .  The tes t  sequence and 
r e s u l t s  were as follows: 

S a m D l e  Treatment 

S a l t  deposi ted by evaporation a t  
250°F f o r  40 minutes, then 
removed by hot water r i n s e  

One add i t iona l  hot  water r i n s e  

Sample s to red  a t  room tempera- 
t u r e  f o r  2.5 days, no f u r t h e r  
r in se  

Sample heated a t  65OoF f o r  
5 hours ,  cooled, and r insed  i n  
hot  water 

Radioac t iv i ty  Detected, 
counts/min from area 3/16 x 3/4" 

3 err1 "Na 
(+3 counts/min) 

bL 

(*7 counts/min) 

665 

632 

523 

464 

I n  t h i s  t e s t ,  a de tec t ab le  amount of sodium was 

27 

24 

28 

31 

re ta ined  on the 
sample. In  t h e  s m a l l  a r ea  counted (3/16" x 3/4"),  t h e  22Na a c t i v i t y  
represented about 0.14 microgram sodium (1 count p e r  minute = 5 x lo-' 
gram t o t a l  N a ) .  
area was about 7 t o  10 micrograms (i count p e r  minute = 15 x lo" gram 
t o t a l  Cl-). The apparent reduct ion of r a d i o a c t i v i t y  during s torage  
a t  room temperature and subsequent hea t ing  t o  65OoF may be due t o  
p a r t i a l  sh i e ld ing  by t h e  oxide f i l m  as it thickens or as the  ch lor ide  
d i f fuses  i n t o  it, or t o  loss  by e f fus ion  of v o l a t i l e  ch lor ide  compounds. 

The amount of ch lo r ide  ind ica ted  i n  t h e  equivalent  

Autoradiography w a s  used t o  determine the  d i s t r i b u t i o n  of "%1 and 
2 2 N a  on prepol ished and s t r e s s e d  samples  exposed w i t h  sa l t  depos i t s  a t  
6 5 0 ~ ~  f o r  3 days. The sal t  depos i t s  were produced by evaporating drops 
of sa tura ted  so lu t ion  on t h e  sample sur faces .  Af t e r  exposures t h e  sa l t  
deposi ts  were r insed  o f f  and the samples were coated w i t h  a l i q u i d  
photographic emulsion s e n s i t i v e  t o  beta r ad ia t ion .  The emulsions were 
d r i ed ,  exposed, and developed i n  s i t u .  Figure 3 i l l u s t r a t e s  t h i s  
sequence on a sample exposed t o  N a 3 % 1 .  
deposit  before  and a f t e r  t h e  sa l t  was r in sed  o f f  i s  shown i n  Figures 3a 
and 3b, r e spec t ive ly .  During evaporat ion of t h e  sa tu ra t ed  so lu t ion ,  a 
f r i n g e  of f i n e  c r y s t a l s  formed around t h e  circumference of t h e  depos i t  
as a r e s u l t  of e f f lorescence .  A s  shown i n  Figure 3a, t h e  f i n a l  depos i t  
contained a wide range of c r y s t a l  s i z e s .  

The  area covered by the s a l t  

Figure 3b shows some Na3%1 
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a. S a l t  be fore  r i n s i n g  ( 4 X )  b. A f t e r  r i n s i n g  ( 4 X  ) 

Emu I s  ion 
removed 

C .  Au torad iograph in s i t u  ( 4 X )  d. H i g h  m a g n i f i c a t i o n  v i e w  of 
autoradiograph w i t h  emuls ion  
p a r t i a l l y  removed t o  r e v e a l  m e t a l  
sur face.  ( 2 0 0 X  ) 

FIG. 3 T i - 8 A I - 1 M o - 1 V  EXPOSED TO N a 3 k I  FOR 3 DAYS AT 65OoF. 
N o t e  nonun i fo rm s a l t  a t t a c k  in F i g u r e  b, and d i s t r i b u t i o n  of c h l o r i d e  ions  i n  au to-  
rad iograph (c and d).  
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(confirmed by X-ray d i f f r a c t i o n )  adhering t o  the  sur face  i n  a non- 
uniform p a t t e r n  a f te r  the depos i t  was r insed  o f f .  
of a sal t -metal  reac t ion  i n  these  a reas .  Over much of t h e  area covered 
by the depos i t  t he re  w a s  no evidence of reac t ion ,  probably because t h e  
s a l t  bridged over during c r y s t a l l i z a t i o n .  Figure 3c shows the  sample 
w i t h  the autoradiographic emulsion developed i n  s i t u  a f t e r  a 7-day 
emulsion exposure. (Because of the l i g h t i n g  used i n  t h i s  photograph, 
t h e  areas darkened by the  r ad io t r ace r  3 6 C 1  appear as l i g h t  a r e a s . )  
In  addi t ion t o  the  obvious p a t t e r n  due t o  r e s i d u a l  Na36C1 ,  t h e  auto- 
radiograph shows a uniform d i s t r i b u t i o n  of ch lor ide  ions  i n  t h e  a r e a  
of o r ig ina l  contact  between the  metal and the  drop of s a tu ra t ed  solu- 
t i on ,  even i n  those a reas  where no v i s i b l e  r eac t ion  occurred. However, 
the  chloride ions were not uniformly d i s t r i b u t e d  i n  the  ou te r  f r i n g e  of 
t he  deposit  formed by ef f lorescence .  This i n d i c a t e s  that the ch lor ide  
ions were absorbed i n t o  t h e  sur face  oxide fi lm when they were present  
as f r ee  ions  i n  so lu t ion .  Figure 3d shows a higher  magnif icat ion of 
t h e  autoradiography i n  an a rea  where the  emulsion w a s  p a r t i a l l y  removed 
t o  reveal  t h e  underlying metal  sur face  (area a t  lower r i g h t  of Figure 3 c ) .  
Darkening of t he  emulsion due t o  uniformly absorbed ch lor ide  ions  i n  an 
area where no v i s i b l e  r eac t ion  w i t h  t h e  metal  occurred i s  shown a t  t h e  
l e f t ,  and in t ense  darkening due t o  N a a 6 C 1  adhering a t  spo t s  of sal t -  
metal  r eac t ion  a r e  shown a t  t h e  r i g h t .  Figure 3d a l s o  shows that 
emulsion darkening was not e n t i r e l y  uniform on a microscale i n  a reas  
of no reac t ion .  This may be because of d i s c o n t i n u i t i e s  i n  the t h i n  
f i lm of  emulsion. Further  s tudy should c l a r i f y  th i s  poin t .  

This i s  indicatkve 

Autoradiographs of samples exposed t o  2 2 N a C 1  showed that sodium 
was p resen t  only i n  those spots  where N a C l  adhered t o  t h e  surface,  as 
shown i n  Figure 4 .  

No evidence of ch lor ide  o r  sodium ion  concentrat ions a t  crack s i t e s  
has been observed i n  autoradiographs t o  da te .  However, a l l  of t h e  
cracks examined have been q u i t e  small. An example i s  i l l u s t r a t e d  i n  
Figure 5, which shows the  same area on a s a m p l e  exposed t o  Na3'C1 before  
and a f t e r  autoradiography. The autoradiographic  emulsion i n  t h i s  case 
was very t h i n  and was developed a f t e r  1 day of emulsion exposure so  tha t  
the t i n y  cracks (arrows i n  Figure 5)  would be v i s i b l e .  Some darkening 
of t h e  emulsion occurred, bu t  no i n t e n s i f i e d  darkening a t  the cracks.  
Samples w i t h  l a r g e r  cracks are being prepared f o r  f u r t h e r  autoradio- 
graphic s tud ie s .  
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a. Sa l t  before r i n s i n g  

c. Autorod iogroph i n  s i t u  b. Af te r  r i n s i n g  

FIG. 4 T i - 8 A I - l M o - l V  E X P O S E D  TO 2 2 N a C I  FOR 3 D A Y S  A T  65OoF. 
Autorad iograph ic  CtrntJIsion ( c )  w a s  exposed  7 d o y s .  
res idua l  2 2 N o C I  adhered. ( 4 X  ) 

"No w a g  present  on!y where 
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a.  Be fo re  autoradiography b. Autoradiograph in  s i t u  

FIG. 5 MICROCRACK IN T i - 8 A I - 1 M o - 1 V  EXPOSED T O  N a 3 6 C I  3 DAYS 
A T  65OoF. E m u l s i o n  exposed on ly  one doy.  No  pre feren t ia l  darkening of 
emu ls ion  around c rack .  (150X ) 

I denti f i  cati on of Corrosion Products 

Attempts t o  i d e n t i f y  co r ros ion  products  by X-ray d i f f r a c t i o n  have 
been unsuccessfu l .  D i f f r a c t i o n  p a t t e r n s  of  material  scraped from sal t -  
exposed samples a f t e r  excess  s a l t  was washed o f f  have shown only  N a C 1 .  
The program for f u t u r e  work inc ludes  ho t - s t age  X-ray d i f f r a c t i o n  s t u d i e s  
t o  a t tempt  i d e n t i f i c a t i o n  of products  i n  s i t u .  

The major products  of s a l t  co r ros ion  on t i t a n i u m  a l l o y s  may be 
so lub le  i n  water. During t h i s  q u a r t e r ,  experiments were begun t o  
determine i f  ana lyses  of  water used t o  wash sal t -exposed samples  would 
reveal the n a t u r e  of co r ros ion  products .  Pre l iminary  r e s u l t s  provided 
evidence tha t  s e l e c t i v e  co r ros ion  of aluminum (and poss ib ly  vanadium) 
occurs  du r ing  hot- sa l t  a t t a c k  on T i -  8A1- 1Mo- 1V a l l o y .  

Two four-point- loaded samples w i t h  N a C l  depos i t ed  on t h e  pol i shed  
su r faces  were exposed 2 weeks a t  6 5 0 ~ ~ .  
were washed w i t h  pure  water which was saved f o r  a n a l y s i s .  
sample t h e  l o o s e  salt was removed by tapping  p r i o r  t o  washing, and on 
the  o t h e r  s a m p l e  the e n t i r e  s a l t  d e p o s i t  w a s  washed o f f .  The water  
samples were then  evaporated and the r e s i d u e  w a s  s p e c t r o g r a p h i c a l l y  
analyzed. The r e s idue  w a s  N a C l  w i t h  t r a c e s  of t i t an ium,  aluminum, and 
vanadium. The concent ra t ions ,  expressed as p a r t s  p e r  m i l l i o n  of N a C l  
res idue,  were as fo l lows:  

Af te r  exposure the samples 
On one 
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Analysis, ppm in  N a C l  
T i  A 1  V Mo 

E n t i r e  s a l t  deposi t  washed off  100 15 (5 Not 
detected 

Loose salt  removed by tapping 1000 500 25 Not 
p r i o r  t o  washing detected 

- - -  Sample 

I n  both cases  t h e  A l / T i  r a t i o  w a s  higher i n  the  sal t  res idue than i n  
the base metal; i .e.,  sa l t - res idue  A l / T i  r a t i o s  of 0.15 and 0.5 versus  
A l / T I  r a t i o  i n  base metal of 0.089. 

The V/Ti  r a t i o  w a s  0.025 i n  the water which contained the least 
r e s i d u a l  N a C 1 ,  and t h i s  r a t i o  i s  a l s o  s i g n i f i c a n t l y  g r e a t e r  than the 
base metal  r a t i o  of 0.011. These r e s u l t s  are cons is ten t  with the pre- 
vious r e p o r t  of aluminum enrichment i n  the oxide f i lm.( ' )  
a t t a c k  of aluminum i n  t h e  a l l o y  may be involved i n  s t r e s s  corrosion 
cracking through t h e  formation of aluminum chlor ide,  aluminum oxychloride 
or other  low-melting compounds. Vanadium forms unstable  chlor ides ,  the 
t e t r a c h l o r i d e  having a melt ing point  of about -28Oc. Data on the rela- 
t i v e  s u s c e p t i b i l i t y  t o  cracking of t i tanium a l l o y s  reported by Braski  
and H e i m e r l ( 3  
aluminum content .  Although these  authors d i d  not  relate cracking t o  
aluminum concentration, t h e i r  data suggest that  r e s i s t a n c e  t o  cracking 
increases  w i t h  decreasing aluminum concentration. The a l l o y s  i n  order  
of increas ing  r e s i s t a n c e  t o  cracking at 55OoF were 

P r e f e r e n t i a l  

provide some evidence tha t  cracking i s  influenced by 

a. Ti-8Al-lMo-lV (most suscept ib le )  

b .  Ti-6A1-4V (cracked a t  100,000 p s i )  

c .  Ti-4A1-3Mo-lV (no cracking a t  100,000 p s i )  

The a l l o y  T i - 1 3 V - l l C r - 3 A l  cracked a t  100,000 p s i  but was more r e s i s t a n t  
than T i -  6A1-4V and T i -  8A1- lMo- 1 V  a l l o y s .  

S tudies  of corrosion products a r e  continuing. 

Cracking by N a I  and N a b  

Tests  performed during this quar te r  demonstrated that N a C l  i s  not  
unique i n  causing stress corrosion cracking of t i tanium a l l o y s .  
Deposits of N a I  and NaBr both produced cracking. Polished samples of 
duplex-annealed Ti-8Al-lMo-lV a l l o y  s t ressed  i n  three-point  loading 
j i g s  w e r e  exposed w i t h  depos i t s  of N a I ,  NaBr, and N a C l  f o r  3 days a t  
65OoF. The samples were exposed i n  the same muffle furnace toge ther  
w i t h  a c o n t r o l  sample having no salt  deposit .  Metallographic examina- 
t i o n  of the sur faces  a f t e r  removal of the sa l t s  revealed i n t e r g r a n u l a r  
cracking on a l l  samples except the unsal ted c o n t r o l .  Cracking caused 
by the N a C l  w a s  most severe, as shown i n  Figure 6. 
crack depths as follows: 

Sect ioning revealed 
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N a C  I N a B r  N a  i 

a .  Surface v iew ( s a l t  removed from surface and specimens examined ) 

N a C  I N a B r  

b. Transverse v iew (spec imens  sect ioned,  pol ished,  and etched 

F IG .  6 HOT-SALT CRACKING OF T i - 8 A I - 1 M o - 1 V  A L L O Y  BY VARIOUS 
Samples were exposed for 72 hours a t  65OoF. ( 4 2 5 X  ) 

N a I  

HALIDE SALTS. 
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Crack Depth, inch 
S a l t  (3-day exposure a t  650'F) 

NaCl .006 

NaBr .003 

N a I  003 

None(a) No cracks 

(a) Control sample 

The absence of cracks i n  the cont ro l  sample proves that gas-phase 
t r anspor t  of ch lor ine  from the  N a C l  d id  not  cause the  cracking observed 
on N a I  and NaBr samples. 

These r e s u l t s  expand the list of chemical environmental f a c t o r s  
known t o  cause s t r e s s  corrosion cracking of t i tanium a l loys .  
nism proposed t o  explain the phenomenon must account f o r  these f ac to r s .  
The f a c t  that cracking occurs i n  moist ch lor ine  gas,( ' )  i n  a i r  w i t h  
1% chlor ine  gas, ( * )  and i n  H C 1  gas ( t h i s  r e p o r t )  demonstrates that t h e  
ca t ion  i n  salt  depos i t s  must not  play a v i t a l  r o l e  i n  c r a c k h g .  It is  
a l s o  poss ib le  that anions o ther  than chloride,  iodide, and bromide can 
cause cracking. Work is  continuing t o  f u r t h e r  def ine  environmental 
f a c t o r s  that inf luence cracking. 

Any mecha- 

Role of Hydrogen 

Radiotracer  'H (tritium) is  being used i n  s t u d i e s  t o  determine i f  
hydrogen i s  involved i n  s t r e s s  corrosion cracking of t i tanium a l loys .  
There a r e  at least th ree  poss ib le  ways that hydrogen could be involved: 

1. Dif fus ion  of corrosion-produced hydrogen i n t o  the a l loy  
causing loca l ized  embrittlement. 

2. Reduction of hydrogen ion a t  cathodic a reas  sus ta in ing  
t h e  cathodic h a l f - c e l l  reaction, o r  i n t ens i fy ing  it i f  
another  r eac t ion  is occurring simultaneously, thereby 
s t imula t ing  the anodic ha l f - ce l l  reac t ion .  

3 .  Prevention of oxide film healing at corrosion s i t e s  by 
making a reducing atmosphere and c rea t ing  a me ta l l i c  
su r f ace  condi t ion favorable  f o r  nuc lea t ion  of dis loca-  
t i o n s  and cracks a t  the surface.  
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Experiments w i t h  autoradiography t o  demonstrate  t h e  presence of  
hydrogen (3H) have been UnSUCCeSSfUl t o  date. The energy of b e t a  radia- 
t i o n  from 3H i s  very  l o w  (0.018 MeV) and t h e r e f o r e  'H i s  d i f f i c u l t  t o  
d e t e c t .  Tes ts  of long  exposure times t o  i n c r e a s e  s a l t  cor ros ion  damage 
a r e  i n  progress .  These samples  should be more s u i t a b l e  f o r  au toradi -  
ography. Also, r a d i a t i o n  counters  capable  of d e t e c t i n g  lower l e v e l s  of 
'H w i l l  be eva lua ted  f o r  u se  i n  t h e s e  s t u d i e s ,  

Electron Microscopy Studies 

The t ransmiss ion  e l e c t r o n  microscopy s t u d i e s  of the duplex-annealed 
Ti-8Al-lMo-lV a l l o y  ( h e a t  D-5657) were cont inued dur ing  t h i s  q u a r t e r .  
P a r t i c u l a r  emphasis was placed on determining i f  hydrogen was picked up 
during f o i l  p repa ra t ion  because work a t  Boeing had i n d i c a t e d  t h a t  
hydride contamination could cause c o n t r a s t  e f f e c t s  i n  t h e  f o i l s  which 
wculd lead t o  p r r o n e ~ ~ ~  conclusions ahoirt thp titgniiA- s i j ~ s t r i ~ ~ t , i - ~ y e .  ( 7 )  

These s t u d i e s  revea led  that  s p o t t y  c o n t r a s t  (F igu re  7) observed i n  
many areas i n  t h e  f o i l s  r e s u l t e d  from t i t an ium hydride p r e c i p i t a t i o n  i n  
c e r t a i n  reg ions .  The hydride was i d e n t i f i e d  by s e l e c t e d  a r e a  e l e c t r o n  
d i f f r a c t  ion .  

FIG.  7 SPOTTY CONTRAST IN T I T A N I U M  FOIL R E S U L T I N G  
FROM T I T A N I U M  HYDRIDE P R E C I P I T A T I O N .  (37,OOOX ) 
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I Addit ional  s tudy revealed t h a t  the habit  plane f o r  t h e  hydr ide  
phase w a s  (lOiO], which i s  the same as reported f o r  hydride i n  pure 
t i t a n i u m . ( 8 )  The habi t  plane w a s  i d e n t i f i e d  as follows: 

a. 

b. 

C .  

A n  area showing the hydride p r e c i p i t a t e  (Figure 8a) 
was se l ec t ed .  

An e l e c t r o n  d i f f r a c t i o n  pa t t e rn  from t h a t  area was 
indexed (Figure 8b) showing that the (1010) p l a n e  
gave maximum d i f f r a c t i o n  i n t e n s i t y .  

The a r e a  shown i n  Figure 8a was then viewed using 
t h e  beam d i f f r a c t e d  from the  (1070) plane. 
that  t h e  hydride p r e c i p i t a t e  was v i s i b l e ,  bu t  with 
reversed con t r a s t ,  i s  proof that t h e  hydride w a s  on 
the (1010) plane. 
plane, the c o n t r a s t  r e v e r s a l  would not  be observed. 

The f a c t  

If t h e  hydride were on some o t h e r  

The { l O i O /  planes are a l s o  t h e  s l i p  plane i n  a-Ti(’)  and ana lys i s  
of s e v e r a l  f o i l s  confirmed that the d i s loca t ions  were a l s o  i n  these 
planes.  A f i n e  p r e c i p i t a t e  w a s  o f ten  associated w i t h  the d i s loca t ions  
(Figure 9 ) .  
if it i s  assumed that t h e  phase i s  t i tanium hydride, t h e  a s soc ia t ion  
w i t h  d i s l o c a t i o n s  could cause hydrogen embrit t lement.  

Such p r e c i p i t a t e s  should i n h i b i t  d i s l o c a t i o n  movement and, 

The in t roduct ion  of hydrogen i n t o  t h e  f o i l s  and subsequent hydride 
p r e c i p i t a t i o n  during preparat ion could c l e a r l y  a f f e c t  i n t e r p r e t a t i o n s  
of the subs t ruc tu re .  Therefore, the thinning procedure w i l l  be changed 
t o  e l iminate ,  o r  a t  least reduce, the p o s s i b i l i t y  of  hydrogen contami- 
na t ion .  A th inning  procedure using perchlor ic  ac id  e l ec t ropo l i sh ing  
so lu t ions  has been recommended by B ~ e i n g ( ~ )  and f o i l s  thinned i n  such 
so lu t ions  w i l l  be examined i n  the  fu tu re .  

The morphology of the hydride i n  the contaminated f o i l s  was such 
that most of t h e  p r e c i p i t a t i o n  occurred i n  regions near  alpha-beta 
phase boundaries (Figure loa) and along a gra in  boundaries (Figure l o b ) .  
This a s s o c i a t i o n  may be due t o  a tendency f o r  the hydrogen t o  e n t e r  t h e  
f o i l  at such boundaries because of higher a f f i n i t y  f o r  hydrogen i n  these  
regions.  If one assumes that  o ther  i n t e r s t i t i a l  impurities would behave 
s i m i l a r l y  t o  hydrogen, then impurity segregation t o  g r a i n  boundaries 
would be expected. Such segregat ion should change the a c t i v i t y  of the 
boundary and could be a cont r ibu t ing  f a c t o r  i n  t h e  s u s c e p t i b i l i t y  t o  
h o t - s a l t  cracking. Since the  impurity segregat ion is  genera l ly  enhanced 
by slow cool ing rates, these r e s u l t s  may have some bear ing  on the e f f e c t  
of cool ing  rate on the susceptAbi l i ty  t.@ hot-salt cracking, described 
ear l ier  i n  th i s  r epor t .  Also i f  hydrogen embrit t lement i s  involved i n  
the cracking phenomena the a f f i n i t y  of t h e  boundaries f o r  hydrogen would 
expla in  why cracking i s  genera l ly  in te rgranular .  
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a. Br ight  f i e ld  image (6O,OOOXj 

c .  
plane. (60,OOOX) 

Dark f i e ld  image from (1070) 

FIG. 8 SERIES OF PfiOTOMICROGRAPHS SHOWING PRE I 
HYDRIDE ON T H E  (1010) P L A N E .  Plane of  the f o i l  i s  (0002). 

I T A T I O N  OF T I  
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FIG. 9 ASSOCIATION OF A F I N E  P R E C I P I T A T E  WITH DISLOCATION.  
Arrows point t o  the phase which may b e  hydride phase. (50,OOOX) 

c 

a .  Hydr ide  a t  grain boundary. Note the b. Hydr ide  a t  a - , 8  interface. Note the 
more or l e s s  cont inuous hydr ide prec ip i -  con t inuous  nature of  the hydr ide prec ip -  
to te  along the boundary. (70,OOOX) i t a t e  a l o n g  the interface. (50,OOOX) 

F IG.  10 P R E C I P I T A T I O N  O F  T H E  HYDRIDE PHASE A T  GRAIN 
BOUNDARIES A N D  A L P H A  - B E T A  INTERFACES 
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